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Standards for Low Values of Direct Capacitance
By Charles Moon and C. Matilda Sparks

In the measurement of small capacitances, such s the interelectrode capacitanes of
vacunm tubes, standards ave noedad for eheeking the calibration of the measnring equipment.
The design, construetion, and measuremant of a group of small primary and secondary atand-
ards of capacitance for this purpose are deseribed, the values of which renge from 0.001 to
5.0 micromierofarads.  Capacitators of 0.1 ppf and above are of the Kelvin guard-ring by pa;
those of 0.1 paf and soaller are of a new “guard-well” type, which permits the cenatruction
of primary standards for values as low as desired.

I. Introduction

For saveral years there has heen a demand from
. industrial end governmental laboratories for test-
ing and certifying small direcicapacitance stand-
ards for use in checking the calibration of bridges,
or test =ets, which in turn sre used to measure the
interelectrode capacitance of electron tubes. The
direct capsacitance (coefficient of capacitance) is
the ratio of the charge on the guarded electrode to
the potential of the hgh-voltage plate, when the
ghield is at tha same potential as the guarded
elecirode. The vslues of the standards requived
range from 0.001 to 109 zuf. The work described
in thie paper was undertaken to supply the need
for capacitance standards of 5 puf and below, as
larger standards can ba readily meaanred by astah-
lished methoda.

The capacitors deseribed are of the three-termi-

nal typs, consisting of a guarded electrode, o high-
voltage plate, and a shield. A number of small
primary standards have been built, the values of
which can be computed from their lisesr dimen-
sions. Seme of these are of the classical Kelvin
guard-ring type, whareas othere are of & new
design.
" The values of these small capacitance standards
have been computed and measured by aubdividing
or stepping down from larper atandards. The
values of the larger capacitence standnrds werc
obtained by a well-esiablished method in terms of
registance and tima.

A comparison of the results obtained by direct
compictation and by subdivision is given.
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II. Conventional Kelvin Guard-Ring
Standards of Capacitance

The conventicnal Kelvin guard-ring cons c:-
tion was chosen for standards in the range of [L
5.0 pzpf.

The design of the gua:rd-nng capac:tatnrﬂ con-
gtrueted for this work is shown by the sectionsl
drawing in figure 1. This design makes pessibie
very precise construction.  The puarded electrode,
@, sometimes called the ‘‘island,” is held rigidly
and accurately centered in the guard ring, &R, by
meahs of o Pyrex-glaes disk, J). The glass dizk
is held in the guard ring by & spring clamping
ring, B, shown in detail in fipure 1, which is tight-

" Fravew 1. Kelvin guard-ring copacilor,

D, Pyrex ghnss disk; P, Iomling pin; T, spasers; o, guesided eloctvode or land:
G, quord ring; 2, beking sew; B, Speing ¢umning Hog,
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aped down to exert firm pressure on the plsas disk.
The head of a locking screw, A, engages a notch in
tho edge of the clamping ring 20 that the unit can
be taken apart snd reassembled with the same
force on the glass disk., Affer a prelimibary #s-
sembly, the common surface of the guard ring and
the island is ground and lapped optically fiat. The
construction is such that the island with the Pyrex
digk can be removad for cleaning and for comrecting
conetructional imperfections, such as the removal
of slight burs., It can then be reassembled with
the serfaca of the island and guard ring in prac-
tically the same plane. '

The island and guard ring are of the same ma-
terial (brass or dural}; the insulation is Pyrex glass.
The island and glass disk, I, are fitted together
with a ground joint and afterward machined to-
gether so that they are exeetly concentric. The

TaniLe 1. [Nmensiont ond computed eapectiohce of Reltdn
puard-ring copacilors
Mat- |Comparbed) DISM- ¢ 49000 | width | Length
Capacltor | inal i tar

TOT | vidna | ames | Taloma | berBole | Emp | apmecrs

im £ cm [an]
Lods | Lo0Gng | O0iE ) 0.0
2045 | 2 PAT o (N « M
L0 | 24 G « 40K
54611 | BDOKZ| .DOS0 | . 5008

recess In the guard ring for the plass disk is ma-
chined so that when heated to 15 or 20 deg O above
room temperature, it will just slip onte the gleas
disk. Then starting at about 40° C, the glass 15
lapped in place with very fine emery and the lap-
ping continued until & temperature of 4 or 5 deg
above that of the room is reached.  After washing
away the abrasive, the glass disk fits in the brass
ring at room temperature with practically no side
shake. A hole is drilled in the edge of the glass
and in the guard ring for a small dowel or locating
pin, P, which is inserted sfter the assembly is made
by a wringing motion. The high-voltage electroda
is held at a fixed distance {rem the guard ring and
island by three insulated screws that pass through
threa equal-length spacers of Pyrex-glass tubing,
T, the ends of which arc plane and parallel.

Four eapacitors of this type have been construe-
ted, The principal dimensions and ecomputed
capacitances are given in table 1.
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III. Sources of Error in Guard-Ring
Capacitors

Fhe factors that must be considered in guard-
ring capacitors are 1. Errors in the mechanical
dimensions; 2. coplanarity of the guarded electrode
and the guard-ring; 3. eccontricity of the guarded
clectrode with respect to the guard-ring; 4. flat-
ness of the electrodes; 5. parallelism of guarded
electrode and the high-voltage electrode; 6. effect
of the width of the gap between the guarded elec-
trode and the guard-ring; 7. sufficient width of
guard-ring to avoid fringing,

The construction of the various parts of the
gusrd-ring standards is such that accurate meas-
urements of the parta can be readily made. The
diameters of the guarded and guard electrodes were
measured by a universal mensuring microsecpe
reading to 1 . The other dimensions needed were
determined by comporison with Johansson gages
by using & micremeter comparntor that was sensi-
tiva to 0.1y, Based on the dimensional measure-
ments, ciperichce with the guard-ring type capaci-
tors of 1.0 pef and larger indicates that an aecuracy
in the computed capacitance of better than 0.1 per-
cent can be atiained. This includes errors of
measurement and the possibility of the inclusion
of some foreipgn material between the parts in mpk-
ing the assembly.

Pogeibilities of artor due to factors 2 to 5 listed
above, are largely eliminated by the precision of
the construction, and in no case has & correction
boen made for any of them. True coplanarity of
island wnd goard-ring is the most difficult of the
five to detect. An optical flat will show any
tilting of the island with respect to the guard-
ring but not necessarily an axiol displacement
with no tilting. The effect of displacing the
guarded elecirode in regard to the surface of the
guard-ring s shown in fipure 2. The change in
capacitance for small displacements i3 approxi-
mately linear and from 1% to 2 {imes us large as
would be found by treating the displacement as
if it were merely an incresss in the distance
hetwean the plates.

For the 1-puf capacitor, the change in capaci-
tence ia 2.8 percent for a displacement of 60 g
Henen for 1-p displacement, the error would be
0.05 percent. Ona-micron displacoment on ths
S-ppf unit would cause a change in czpacitance
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of 0.03 percent. The difference in the level of
the island and guard-ring of a capacitor that was
taken apart and reaseembled a large number of
times was messured with an optical comparator.
The displacement was found to be about I fringe,
or % p. The insignificance of the differcnes in
level was verified by relapping the surface.
Quly a few strokes were required to bring the
two surfaces to the same level. No menstirable
difference in capacitence was causad by the
relapping.

The capacitanee in electrostatic units of the
Kelvin guard-ring capacitors in vacuum has
ordinarily besn eomputed by the simple formula.

=K (%) (1)

The computations have slso been made by uvsing
the following unpublizshed formula by Chester
Snow, which has an extra correction for the width

of the gap:
() (D)) o

U=K I: id
where
C=capacitancs in cge electrostatic units
@,=radius of the guarded electrede or island
az=radius of the hole in the guard ring

Direct-Capacitunce Shondords

o= {42
d=separstion of elactrodes
A =djelectric constant of air.

The corraction for the width of the gap computed
from eq 2, for the widest gap used, was only 1
part in, 104,000,

If the cepacitance of s capacitor in electro-
magnetic units i taken as 1/(2.90776X16")
timea capacitance in electrostatic units, and the
dielectric constant of airas 1.000567 [1],! the simple
formula (1), expressed in micremicrofarads, re-
dueces to

[

C=1 o504 (3)

This formula has bech uzed in computing the
valuez in table 1.

The width of the guard ring must either be wide
enough to climinate any measursble fringing, or
sotue corrective device must be added, such us the
system of guard hoops uzed by Brooks, Defandort,
snd Silsbee [2] in the ahsolute clectrometer, or &
resiative shield of the type employed by Slone-
geweki [3]. Some experimental tests with these
devices were made on 1.0-puf capacitor 2, which
was fitted with spacers 4.040 cm long, whereby its
neminal value was changad to 0.1 puf.  This spae-
ing was ao large that some voltage-dividing device
was necessary. It waa accordingly fitted in succes-
sion with a system of guard hoope and a resistive
shiald. The guard-hoop systern was mado v of
nine hoops spaced about 4 mm apart eonnected to-
gother by 1,000-chin resistors between the hoops
and also between the end hoops and the capacitor
elecirodes. The capacitor with guard hoops is
shown in figure 3.  The resistive shicld was a helix
of 40 turns of advance wire, resistance 8,000 ohms,
wound inside a paper tube. Difficulty wasz en-
countered in getting the two ends of the helix to
terminate exactly in the plane of the clectrodes,
Some interesting resuits of connecting these de-
vices to a capacitor in different ways were obtained |
and are given in table 2, From these results it is
evidant that when & corrective device, such as a
resistive shield or voltage-divider hoops, is used in
u eapacitor that has a large plate separation, the
constroction must be precize, becanse it then plays
un important part in the capacitanes. The lines

| Flgared ity bracikats indlea: the Jitarakure references ot the s of this
paper.
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naure 3. Capacilor fitted with guard-hoop systen.

of electrical foree are ordimarily pietured as stream
me in parallel lines normal 1o the two electrodes,
and the hoop system as being simply a device for
preventing the bulging of the lines at the edge of
the

the plates. Experiments indieate that whe

separation between the plates 15 very large the
amall part 1 th
the

I,i:-||-\ll|‘.:1-_'|- |r|.-|'|4' ||::|'k- fl Very
capacitance. A shift in an axl direction of
hoop system of 0.5 mm ecaused o lareer change in
rapacitanee Ih;||| H .IE'.|r|I -_||'_-| l.|i.'||||l'||'| |'|||::|| Ly '||.-!'
ol Ih:- i-|_-||||| cut thro .'-_'|. I|||' center of the ||i:|l-
voltage plate. Similar conclusions were reqched

the experimental study of the absolute electroms-
eter [2].  As new
in the range of 0.1 ppf and below have been devel-

.|.---i__l'r:- for absolute capacibors

oped, no attempt has been made to construct pre

cision capacilors cither with gnard hoops or resis-

tive shields., The values given i table 2 are not

to he taken as indicating the acceuracy that could

ATCR TITH |i-_'~ more careful ONSLracilon Doecauise

neither of the devices was precigsion made.  The
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results given table 2, with the voltage-dividing

svatem connected Lo one i |-"|'I;"ll|||' tlr!?';_ illl|:l".'l1l' il

method of testing, whether or not such a deviee is

necded.  If no change of capacitance 15 observed.

whatever the manner of connecting the system, no

corrective deviee 1s needed.  To make this test, it

2 nol neces2ary Lo consiruct an 1'L:I|}I§I'ri,ll' deviee

- S | [
in the inset of

a5 a Hill:-_['l" I||l.'i.',| I'il|'_"_ a5 shown
figure 4, will suffice,

explanatory, are shown in figure 4.

The results, which are self-
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[V. New Designs of Primary Capacitors
of Verj.r Low Value

the classical guard-ring capacitor

Below 0.1 puul

is not so suitable, because cither the diameter of
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the island must be very small or the separation of
the electrodes must be large,

For capacitance standards of 0.1 guf and smaller,
two new capacitors, in which the guarded electrode
ia at the hottom of a recesa, or well, in the guard
electrode, have been developed.® Theze are re-
ferred to in the paper ue the '‘guard-well” type.
This design permits the making of primary stand-
srds as small as desired in capacitance and at the
same time keeping the linear dimensions large
enongh to be construeted and messured acenrately.

Two forms of guard-well capacitors have hecn
construeted. One form is shown in figure 5 and
ia referred to in this paper az the “ractangular
type.” The other form, referred to as the “cir-
cular type,” is shown in figure 6 (a fixed capaci-
tance unit) and figure 7 {a continuouely variablo
capacitance unit).

As shown schematically in Agpure 5, the rec-
tangular-type capacitor consists of a rectangular
guarded electrode or island, F, which is at the
bottom of o slot of depth 4 and a high-voltage
electrode, E, which is spaced o short distance, e,
above the top of the slot. One standard was built
to verify the formula developad by Chester Snow
for a guard-well capacitor of the rectangular type.
The construction and measurement of the dimen-
sions of this capacitor are mere difficnlt than for
the circular ones shown in figure 6, for which he
later developed a precizs formuls.  The mounting
of the guarded electrode in the ciccular capacitor
18 identical with that of the guard-ring eapacitor
shown in figure 1. Actually, by the addition of
an annular ring, H, of thickness, 4, with plene
paraliol sides and & hole having & diameter alightly
larger than the diameter of the izland, the standard
guard-ring capacitor shown in figure 1 can be
converted to the new design shown in figure 6.

LOMGITUDIMAL  SECTICH

Thumd'Y LM
SESTION

Friguee 5. Resenguler iype of guard-well capacitor.

F. gorded electrods,
% The fundsments] iden far this desipn wes oontributed by F. B, Bllshes,
Chigf, Divislen of Electrivity and Optle:.  Formplss bor compuifop the

rapaoltanoe of these new Jesigny bave been derived by Chester Boow nd
wlll be pkdEshed in the naor Iufere
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Ficoee & New ippe of pristdry capactior

This capacltor consista axzhiinlly of the paria of the guard-ring capaoltor
shawm in figura 1 with b addlibe of the anouler ring, F.

The dimensions of a cireular capacitor, fitted
with three snnular rings, #, and giving nominal
values of capacitance of 0.1, 0.01, and 0.001 puf
are given in table 3, along with the computed
and measured values.

The depth, 4, of each of the three rings was
adivsted by trial mtil the measured capacitances
were those given in the table. The measured
values of copacitahca of these three small unite
wara obtained by subdividing a value of 1 puf,
which had been previously established. (The
method of aubdivision will be degeribed later.)

After the units had been adjusted axperimentally
Lo have the measured values given in the table,
under the heading of measured capacitance, their
dimensions were used t¢ computc their capaci-
tances by the forinula derived by Dr. Snow. A
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Frourg 7.

comparieon of the measured and computed values
of capacitance is 4 good indication of the accuracy
ohtaingd in subdividing 1 upf.  {See table 3).

TABLE 3. Phisensions of new circuler lype of primary
stondards of direcd cupoeibanee

Womlnat Dimenaiws Crpaoltano
P e
tanca o | ¢ a Computed | Measorad
anf tn et Eth wnf )
oLl 1,460 - LY . 1000
i L. 880 L2008 | R e T T
- 1, 860 - Y L ol
R 1. 880 -G a T4

» When d=(), the ¢apacltar beoomes a stnventionsl Kelvin guard-ring type.
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A variahle model of the cireular capacttor haas
been made, in which the low-voltage electrode is
mounted on a micrometer acrew, making the
depth 4 and therefore the capacitance, continu-
ously variable. The range is from 0.1 o 0.001
put (see fig. 7).

The computed variations of capacitence with
dimensions of a capacitor of this form ie illustrated
by the curve in figure 8, from which it will be
seen that a capacitance as emall as desired can
readily be obtained.

The formulas for computing the capacitance of
both, the linear and ecircular capacitors have been
derived on the assuraption thet the gap helween
the =lend and the annolar ring is infinftely amall,
that the edges of the bele in the anmular guard
ring are not rounded, and that the guard ring and
high-voltage plate extend to infinity. Measure-
mente on gn experimental model show that the
gap botween the fzland and the anpular ring can
be as large as several thousandths of an inch,
which was anticipated becauze the electric feld
ia vety weak in thet vieinity, also that the high-
voltage plate need extend over the edge of the
annular ving, or the edges of the bars in the rec-
tangular model, for a distance of only thres or
four times the length of the spacerz nsed to separ-
ate the high-voltage plate from the ring or bars.
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A further inerease in the size of the high-voltage
plate has no measureable effect and is undesirable
becansa it imereases the capacitanca to ground of
the high-voltage electrodc. The edges of the
hole in the guard ring of the circular type and the
edpea of the bars in the rectangular type were
rounded to mradius estimated to be (.02 mm with-
out any measurabla eifact on the capacitance. As
this iz more than is required to remaove incidental
burs, tho rounding was carvied no further.

Snow's formulaa for computing the capacitance
of the new designs are:

For the rectangular type, the coefficient of ca-
pacitance £¥ (per unit length of slot}, is given by

1 {14¢)) ginh ye,

v'=3 & asmh F ey

where cos az;=10.
The coefficient 7 for the circular type is given by

ﬂ_li {1+e&) sink e,
@ vt o sinh (ft)e)’

where a, is the #** positive root of the Bessel func-
tion Jy{a)=0; @ is tha radius of the cylindrice] hole
{or the half-width of the =lot); £7and o have dimen-
gions indicated infigures 5 and 6;v=cfe and f=d}a;
¢, (and ¢ )=D0 excopt & (or «).

_-2_ m! H :I
EI_T(TI") [kglP},—l-R,H_i L]

S ()

a;(coth yo,-Fcoth So,)

where

and for £2>1,

P.= 1
&, (coth yay+coth Bay)

Yo oy oy e
b () -atals ()50}
where a, 18 the & positive root of the Bessel func-
tion Jo{a) =0.

- 1
S(w) E a(nttu’
and

1
T = sy

- Direct-Capaclionce Fondards

For values of « less than 1, §{u) can be evalunted
by

S()=1.20206— 1.03693u*-}- 1.00835u*—

o= 1
B B__ -,10 -
1.0020 11t 1, 00049 = ﬂu(ﬂz_i_ﬂ.!}’

and F{u) by
Tin) =1.03603—2.01670u -4 3.00602u —

o 1 &
awut B P au® 23

1
A=l T o l[sra,z—i—m'-’]lE+

The remainder, .4, is computed hy

1
B akg_lP‘ ~ dx (1t coth Yoy}

{Mﬂﬂ'jﬂ+z og (:Lff) },

P

L]

whera z,=- (“—;

with n=4).
In tho case of ¢, the formula is the same £xcept
that the #* root a, of Jy{a)=10is replaced by

+%) (Computations were made

o) =(2n—1) -2’5
the 2% oot of cos a=0.

V. Auxiliary Tools

Several auxiliary tools wero found convenient
for use in measuring the small capacitors. Two
of these will be deseribed. One was a low-range
continuously warisble capacitor by which small
differences hetween units could be taken .up.
The other was 2 “decade” capacitor consisting of
emall sections by which an accurate stap-up from
0.1 to 1 upf conld be achieved.

The design of thix variable low-range capaciior is
an adaptation of that described by G. Zickner [4].
Thiz capacitor, figure 9, consizta of two active
electrodes shielded by a third electrode nnd sep-
arated by o fived plate or septum comnnected to
the shield and in which a semicircular opening is
cut. The capacitance is varied by a rotatable .
plate also connected to the shield that covers
part or all of the opening in the septum. The
advantage of this t¥ype of unit is that the minimum
direct capacitance is exactly sero, the scsle is
linsar, and the full-scnie walue can be made as

803



SECTICN B-B

TO FIXED
ELECTAOQDES

ur ez [

L

IJF - °
SEGTI'DH A=A
Fraveg % Coniinusuely werfable low-range copocilor
{pcheatotic).

smal] as desired hy using & narrow sonulnr slit
in the septum in place of the ssmicirenlar opening
used hy Zickner. The capacitance ranga de-
pends ypon the width of the slit and the spacing
of the fixed elcctrodes. The construction of the
Zickner-type capecitor started with the chassis
and worma gearing of a variable capacitor. The
group of stator plates was replaced by two Yein.-
thick full cirenlar bress plates, which served as
supports for the fixed eleetrodes, between which
a thin brass plate, which fuctioned as a septum,
was interposed. In this plate a 4$-mm annular
slit was cut with the axis of the rotor as it center.
The slit extended ever an arc of about 1650°. In
place of the semicircular plates used by Zickner,
the fixad clectrodes wera, in this case
antular rings of brass about 1.5 ecm wide. A
gingla semicireular plate on the rotating shaft,
which slid in elose contact with the sopbum,
served to vary the arca of the opening and henee
the capacitance,

The 4-mm alit in the septum resulted in a
varisble capucitor having & range from 9 to 0.3 puf.
One divigion on the scale is squivalent te 0.000170
suf.
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In addition, a second unit was built in the sgma
chassis having dimensions wherehy a range of
capacitance from 9 to 5.8 puf was obtained. The
change in eapacitance per divisien of the larger
Tange is 0.00292 puf.

A capacitance of 0.1 puf was the smallest value
for which it seerned desirable to make & standard
of the guard-ring type mod shout as large as
practical for the guard-well type. An sccurate
independent means of stepping up from 0.1 te 1.0
uuf scemed desirable.  For this purpose a decade
capacitor waa designed that is thought to be free
from any “switching” errors. It consisis of five
units: iwo of 0.1 puf, two of 0.2 paf, and one of
0.4 yuf. These are symmetrically arranged sround
and connected to central coaxial terminals, as
shown in figure 10.

Each unit of the decade, as shown by the cut-
awny part, consists of a pair of plates insulated

>

Fravne 10. Decade capacilor.
Vernier sorew shivwrn io pper eleatrgds,
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from the housing and a pivoted shutter that iz
connected to the housing. When closed, this
shutter completely izolatcs one terminal from the
other so that the capacitance of the unit is strictly
zern. ‘The groove for the shutter is shown in the
cutaway part, but the shutter iz omitted. On the
right are shown two shutters, the ane for the 0.2
puf unit cloged, and the other for the 04 puf
unit open. A rough adjustment of the capuci-
tance of & unit of this type can be readily made
by adjusting the distance between the plates and
then a very close adjustment by means of the
warhier strew in the center of one of the electrodes,
a detail of which is shown io the upper electrode.
The unita were thus adjusted to be equal or esact
multiples of cach other within the limits of sensi-
tivity of the bridge used for measuring their
capaciiance and have held this adjustment for
over a yeur,

V1. Bridges

It is not within the scope of this paper to disenss
the methods of measuring direct capacitance.
Sinee all of the bridges uzed have either heen
adequately deseribed elsewhere or are commer-
cially available equipment, the discussion will be
largely confined to factors that affect the accuracy
of messnrement and methods of veing the bridges
in the mesgurement of the various capacitors,

For intercomparityr the standarde of 5 puf and
lower, the instrument found moet useful was o
Weatern Electric Direct Capacitance Test Set
Model D-160938. This set, shown schematicaily

EZ:: XS 1'_:3# iz

y
Lo
(&
Figure L1. Schemalic aketch of Western Electric Dired

Capaciiance Teat Sal Model D-160938 showing mefhod of
connecting cepactiors in paralisl.

Direct-Capaciionce Standords

in figure 11, consists of an alternating—current
bridge built into a cabinet complete with an cacil-
lator and tuned detector working at a fixed fre-
quency of 465 keszec. The ratio srms AD and
D are of the inductive type, very closely coupled.
Special conductance und capacitance units are pro-
vided that are direst reading for capacitances from
0,0000% to 110 pef aod for condoctances from 0 to
10 pmho.

The residual admittances fall either across the
detactor corners of the bridge, so that they do not
entar into the belance cquation, or across the ratio
srm D, TIf the coupling between the ratio arms
were 100 percent, no error would be caused by the
burden on one arm, Since 100-percent eouvpling
cannot be quite obtained, a slight errov is caused
by the unequal loading of the ratio erms. In all
moasurements, the residusl sdmittances acrozs the
D arm were either small or were kept practically
constant during a given messurement so that no
appreciable error was introduced from this source,

‘When two or more capacitors were connected in
parallel, coaxial leads were used to connect the
units to both terminals of the test set. The fest
get was not designed to be a precision inetrument,
but it has the stability and sensitivity necessary
for the measurement of very small capacitors. In
this work the test set was used merely as a balance
to determine the equality of two capacitances by
a substitution method, For this purpose it was
well suited, The only alteration made in tho test
get wea in the detector tuning unit, which was
changed =0 that it could be funed with a larger
than normal capacitence to ground at the 5
terminal.

Tha amall primary ecapacitance standards were
measured by aubdividing 2 1,00)-usf variable
standard capacitor in a Sehering bridge.

The method is old snd in general use for cali-
brating variable capacitors by stepping up, sub-
dividing, etc. An unknown three-terrmnal capac-
itor, x, was compared with a calibrated variable
standard Laving a ranga of capacitance of 1,000
upf between 100 and 1,100 scale divisions. This
difference in capacitance of spproximately 1,000
upf was accurately known, having been predeter-
mined in the well-known Mazwell commutator
bridge [7] in terms of resistance and time with an
accuracy -of about 0.01 percent.

The standard and the unknown, which was a
threa-terminal variable with a full-scale rangs of
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10O pul, were cotnected in parallel in the measur-
tng arm of tha bridge.

The change-of-standard mothod was cmployed
for determining the unknown direct capacitanece
in tho following manner: Starting with the stand-
ard get on the 100 2cale point and with the un-
known capacitor connected, the bridge is balaneed
holding the standard and unknown fixed. The
unknown is then disconnected and the bridge
tebalancod by increasing the standard. Leaving
the standard fixed at this new position, the above
procedure was repeated so that the value of the
unknown was transferred to tho standard in 10
additive steps, at the end of which addition the
standard zcale reading was very nearly 1,100.

Normally the vaiue of the standard will not be
exactly 10 times the unknown. Since in our
case both were calibrated variable capacitors, the
difference could be read on either instrument.
The difference, A, wasz usually s0 small that a
pracise calibration of the scale used to read the
diffzrence was oot impertaat.

If y=-capacitance difference on the standard
between scale points 100 and 1,100; r=capaci-
tance of unknown; ¥y—10c=A4; then z=¥—A/10.
The above procedure was repeated to subdivide
the 10)-u.f variable standard and finally & 10-ppf
varigble standsrd both of which were of the
three-terminal type.

In subdividing the 10-uuf variable, the 1-upf
and the 5-upf primary standards wers used as
unknowns, and their capacitances were thus ob-
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tained in terms of & capacitance difference of
1,000 puf measured on a variable capacitor in the
Maxwell commutator bridge,

For measuring secondary units of § puf and
larger, & calibrated variable capacitor cen be uged
as & satisfactory reference standsrd. The eali-
bretion of 8 secondary capacitor by using the
Behering bridge has been made both by stepping
up from the 5-puf puard-ring capaciter and alzo
by stepping down from a 1,000-ppf varisble
capacitor, which had been measured in a Max-
well commutator bridge. The agreement be-
tween the values by the two methods was well
within 0.1 percent.

The results given in table 4 indicate that a
capacitence of 0.1 upf can be reelized, with an
accuracy of about 0.1 percent, either from abao-
lute standards or by methods of subdividing
large units. Standards 3 snd 6 are conzidered to
b the least reliable of the group. Omitting the
values obtained from standards 3 and &, the mean
value of the 0.1-ppf fixed standard iz lowered by
0.04 pereent, or to 0.10010 upf, which is helieved
to be 1ta most probable value.

VII. Summary and Conclusions

A number of primary stendards of capaéitn,ncé
have been built, the construction being such that

- their capacitance should remain permanent over

long periods, A number of auxiliery tools have
been made to use in intercompering the primary

Jomme] of Research




atandards and in comparing pritnery standards
with unknown secondaiy standards.

The methods of measuring the primary stand-
arde are described, including the transfer of &
copacitance difference on & large variable capacitor
measured in the Maxwell commutator bridge to
the Schering bridge where this capacitance differ-
ence is subdivided and compared with seme of the
newly designed low-capacitance standards,

The capacitance values of the primary standards
have been computed from their dimensions.

Rasulta of measurements Ly the various test
methods and a comparison with the computed
values of the standards is given.

From measurements and intercomparisons on a
nurnber of small capacitance units, it seerns that
an aceuracy of about 0.1 percent ean be ebtained
in the calibration of capacitors from 5 upf to
perhops o= low as 0.1 uuf. For 001 uuf, the
aecuracy is probably £0.5 persent, and for 0.001
puf about 1+ 2 percent.

The computed capacitance of the smaller pri-
mary standarde agrees within about 0.1 percent
with the values obtained by n method of subdivi-
sion from lavger unite, the valuee of which were
determined by bridge methods in terms of resisi-
ance and time,

The Bureau is now equipped with a seb of refer-
ence siandards of capocitance in the renge {rom
0.001 to 100 puf, Test methods have been de-

velaped <o that sscondary standards of equivalant
range can be tested and certified with the preciston
naeeded te detormine the interelectrode capacitance
of slectron tubes.

The authors expresa their appreciation to R, L.,
Drizcoll for making some of the computations; to
Thelma Hollis for many of the electrical measure-
ments; to A, . Scott for the Schering bridge
measurements; and L. P. Slivka for his painstak-
ing work in the construction of several of the
ocapacitors
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